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We demonstrate that a single sub-wavelength nanoaperture in a metallic thin film can be used 
to achieve dynamic optical trapping and control of a single dielectric nanowire. A nanoaperture 
can trap a nanowire, control its orientation when illuminated by a linearly-polarized incident field, 
and also rotate the nanowire when illuminated by a circularly-polarized incident field. Compared 
to other designs, this approach has the advantages of a low-power driving field entailing low heating 
and photodamage. 


Optical manipulation and control of nanoparticles is 
potentially important in many areas of physical and life 
sciences [T]. In particular, controlling the position and 
orientation of elongated objects leads the way towards ex¬ 
citing applications: in nanotechnology, optically trapped 
semiconducting nanowires have been translated, rotated, 
cut and fused in order to realize complex nanostructures 
EHH; in spectroscopy, the composition and morphol¬ 
ogy of a sample have been probed by scanning optically 
trapped nanowires [5] and polymer nanofibres [6] over the 
sample’s surface; in biophysics, many bacteria, viruses 
and macromolecules with rod-like shapes have been op¬ 
tically manipulated and studied [7]. However, optical 
manipulation of nanoobjects is particularly challenging; 
in fact, the techniques developed for optical manipula¬ 
tion of microparticles and, in particular, standard three- 
dimensional optical tweezers — i.e., tightly focused laser 
beams capable of confining microparticles HE] — cannot 
be straightforwardly scaled down to the nanoscale. This 
is mainly due to the fact that optical forces scale down 
with particle volume and are ultimately overwhelmed by 
the presence of thermal fluctuations [T]. Recently, sev¬ 
eral novel approaches have been put forward to overcome 
such limitations HI HMD- Thanks to the strong field 
enhancement associated with plasmonic resonances, plas- 
monic optical traps have been particularly successful in 
trapping ever smaller particles down to single molecules 
m- Furthermore, by altering the illumination condi¬ 
tions it has been possible to control the properties of 
the trap, e.g., tuning the strength of a plasmonic trap 
m and rotating an optically trapped particle around a 
plasmonic nanopillar m- Also, hybrid plasmonic fields 
arising from the interaction between the surface plasmon 
polaritons (SPPs) along a metal surface and the local¬ 
ized surface plasmons (LSP) on a metallic nanowire lead 
to strong field enhancement and have been employed to 
trap and controllably orient a single gold nanowire m- 
Finally, elongated metallic nanoparticles have also been 
aligned and rotated using conventional optical tweezers 
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Amongst the various metallic nanostructures that have 
been employed for plasmonic optical manipulation, sub¬ 



FIG. 1. (color online) (a) Schematic of the configuration for 
the optical trapping and control of a nanowire by a nanoaper¬ 
ture. (b)-(d) Electric field intensity distribution in the xy- 
plane passing though the center of the nanowire (length 
L = 350 nm, radius r = 30 nm, medium refractive index 
Um = 1.33) for various orientations of the nanowire, i.e., (b) 
^ = 0, (c)^ = 7r/4 and (d) 0 = 7r/2. The nanoaperture 
radius is 155 nm in a 100-nm-thick gold film. The nanowire 
is placed 50 nm above the nanoaperture, so that the gap be¬ 
tween the nanowire and the aperture is 20 nm. The incident 
electric field is a plane wave linearly-polarized along the direc¬ 
tion indicated by the arrows in (b)-(d) with input intensity 
Iq = 10mW/im“^. 


wavelength apertures in thin metal films have generated 
a considerable amount of interest [EHIll. Extraordi¬ 
nary optical transmission was first observed on arrays 
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FIG. 2. (color online) (a) Optical torque, and (b) normal 
optical force, on a nanowire of length L = 200, 250 and 
300 nm trapped above a nanohole as a function of the angle 
0 between the nanowire and the incident field polarization 
(along the ^/-direction). (c) Lateral optical restoring force, 

Fx, acting on nanowires of length L = 250 and 350 nm and 
(d) relative trapping potentials, U{x). In all cases, r = 30 nm, 
h = 20 nm and Iq = 10mW/im“^. 


of nano holes in metallic films, where it was due to the 
coupling of light to SSPs excited in the periodically pat¬ 
terned metal film m- Later, it was demonstrated that, 
even for a single nano hole in a flat metal surface, the ex¬ 
citation of LSPs on the aperture ridge can alter its trans¬ 
mission properties |20] ; in particular, the electric field in¬ 
tensity pattern was shown to display two high intensity 
spots parallel to the polarization direction of the incident 
light and attributed to a dipole moment oriented in the 
plane of the metal film and parallel to the axis joining 
the spots. One of the main advantages of using sub¬ 
wavelength nanoholes for optical trapping is that they 
permit one to reduce the required local intensity com¬ 
pared with conventional trapping, therefore significantly 
reducing the likelihood of optical damage m- 

The main idea of the work presented in this Letter is 
to use the intensity distribution with two hotspots gen¬ 
erated at a nanoaperture as a handle to trap and con¬ 
trol elongated objects such as nanowires. We show that 
nanoapertures can be efficiently used to trap dielectric 
nanowires with low power and to control their orienta¬ 
tion and movement through the polarization of the input 
beam. Compared to previous designs, the approach we 
propose has the advantage of a low-power driving field 
and an extremely simple design. 

As shown in Fig.[^, we consider a dielectric nanowire 
with radius r and length L placed at a distance h above 
a cylindrical nanoaperture of radius 155 nm in a 100-nm- 
thick gold film. The refractive index of the nanowire is 
chosen as 2.0, which is near to the index of ZnO nanowires 


[3]. A linearly-polarized plane wave with wavelength 
1064 nm illuminates the sample from the side opposite 
to the one where the nanowire lies. The long axis of 
the nanowire lies on the x^-plane at an angle 0 with 
respect to the polarization direction. The medium is 
water (refractive index nm = 1.33). We compute the 
electromagnetic field using a home-made software based 
on a three-dimensional finite-difference time-domain (3D- 
FDTD) algorithm together with a total-field/scatter-field 
technique and employing a small grid size (which de¬ 
pends on the specific configuration, but is always less 
than 3nm) in order to account for all plasmonic near- 
held behaviors m- We bound the simulation domain 
with a convolutional perfectly matched layer (CPML) 
[21]. For the dielectric constant of the him, we use the 
Drude model with parameters that ht the experimen¬ 
tal values of the dielectric data for gold [22]. Figs, [^-d 
show the intensity distributions in the x^-plane passing 
through the center of a nanowire placed at a distance of 
50 nm above the metal him (so that the gap between the 
nanowire and the metallic surface is = 20 nm) with var¬ 
ious orientations. The resulting trapping is mainly due 
to the creation of light gradients around the aperture and 
the self-induced back-action (SIBA) mechanism [18]. In 
fact, the nanoaperture (radius 155 nm) is tuned near the 
cutoh of the resonance (at 165 nm when illuminated at 
1064 nm) so that the presence of a particle with high re¬ 
fractive index increases the ehective aperture size and, 
therefore, its transmission and associated optical forces 
m- There are two hotspots on the rim of the nanohole 
along the incident field polarization direction. As we will 
see in the following, the nanowire tends to align itself 
along the direction of these hotspots and this effect can 
be exploited to control the nanowire’s orientation. 

Once the electromagnetic fields have been calculated 
using 3D-FDTD, we proceed to calculate the optical 
forces and torques acting on the nanowire using the 
Maxwell stress tensor (MST) method [23]. The time- 
averaged force and torque acting on the center of mass 
of the nanowire are 

{F)=f{T)-hdS ( 1 ) 

Js 

and 

(t) = - [ {T) X r ■ h dS , ( 2 ) 

Js 

where S' is a surface enclosing the nanowire, n is the 
unit vector perpendicular to the surface, r is the posi¬ 
tion of the surface element, and (T) is the time-averaged 
Maxwell stress tensor for harmonic fields, i.e., 

(T) = isR jeE E* + H* - I (e|E|2 + /,|H|2) | , 

( 3 ) 
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FIG. 3. (color online) (a,c) Optical torque and (b,d) normal 
optical force on a nanowire (L = 250 nm, r = 20 nm) placed 
on the exit side of a nano hole of radius 100 nm hlled with 
water (dashed lines, e = 1.77) and silicon (solid lines, e = 13) 
as a function (a,b) of the angle 0 between the nanowire and 
the incident held polarization direction and (c,d) of the gap 
h between the nanowire and the metallic layer. The incident 
intensity is Iq = 10mW/im“^. 

where E is the electric held, H is the magnetic held, and 
e and /i are the permittivity and permeability of the sur¬ 
rounding medium. A convergence analysis is performed 
for each conhguration to ensure a correct force calcula¬ 
tion. 

Fig# shows the torque acting on the nanowire along 
the z-axis as a function of its orientation 0 with respect to 
the incident held polarization direction. The torque mag¬ 
nitude is maximum at ^ = ±7r/4 and zero at ^ = 0 (stable 
equilibrium) and ±7r/2 (unstable equilibrium). There¬ 
fore, the nanowire tends to align itself with the polar¬ 
ization of the incident electromagnetic held. In a simpli- 
hed picture, which nevertheless permits one to gain some 
qualitative insight into the nanowire orientation process, 
this behavior is similar to the alignment of an induced 
dipole with the polarization direction of a monochromatic 
electromagnetic held. In fact, since the external electric 
held induces a dipole moment p = a • E, where a is the 
polarizability tensor, the electrostatic torque exerted on 
the particle is r = x E*}. Considering a symmet¬ 
ric ellipsoid, this torque is sin(26>), where 

E = \E\^ ~ Q^trans}? ^long Uud Q^trans 

the polarizabilities along the longitudinal and transverse 
axes of the ellipsoid [24]. This equation shows that the 
torque has a sinusoidal behavior with angular period tt, 
which is consistent with the results shown in Fig.|^. The 


torque for 6> = 7r/2 increases as the length of the nanowire 
increases up to a maximum for L = 350 nm, i.e., when the 
length of the nanowire is slightly larger than the diam¬ 
eter of the nanohole; a further increase of the nanowire 
length makes its sides go outside the LSP associated to 
the nanohole and, thus, does not contribute to the over¬ 
all optical torque. The torque for 6> = 0 is negligible for 
nanowires with lengths between L = 80 and 600 nm. 

Fig. shows the normal force (F^), whose negative 
sign indicates that this is a restoring force pulling the 
nanowire toward the nanoaperture, where the fields are 
more enhanced resulting in even stronger transverse and 
normal trapping forces. We remark that the nanowire 
also undergoes Brownian motion so that it does not stick 
to the nanoaperture, but keeps on jiggling above it; in 
fact, Brownian motion prevents sticking the nanowire to 
the surface making plasmonic trapping and control prac¬ 
tically possible [mug US] and, in fact, determines the 
characteristic trapping time m- The nanohole confines 
the nanowire also along the transverse x-direction, as can 
be seen from the forces and associated potentials (Figs. § 
and [^) . Importantly, the depth of the potential is suf¬ 
ficient to ensure stable trapping, as it is 12 /cpT (8 /cpT) 
at Jo = 10mW/im“^ for L = 350nm (250nm). Further¬ 
more, the transmission properties of the nanoaperture 
are very sensitive to its local environment and, thus, to 
the presence of the nanowire. For example, for the config¬ 
uration presented in Fig.[^ the presence of the nanowire 
increases the transmitted intensity by 8% (6%) for a 
nanowire of length L = 350nm (250nm); this change is 
of the same order of magnitude of what is observed and 
calculated in Ref. [181 Importantly, this intensity change 
can be experimentally monitored and can be used to de¬ 
tect the presence of an optically trapped nanowire. 

It is also interesting to consider the case when the 
nanoaperture is filled with a high-index dielectric mate¬ 
rial. The use of such material, instead of water, in addi¬ 
tion to confining the nanowire on a fiat surface, gives 
the additional advantage of improving the nanoaper¬ 
ture transmission and, thus, of narrowing the transmis¬ 
sion resonance m- Noting that filling the nanohole 
shifts the transmission resonance towards a smaller ra- 
dius/wavelength ratio, we consider a nanoaperture with 
radius 100 nm in a gold film of thickness 100 nm, i.e., an 
aperture similar to the one in Fig. but with smaller 
radius. This structure is tuned close to the second peak 
in the transmission spectrum. As shown in Fig. [^, for 
such a nanoaperture filled with silicon (e = 13), the op¬ 
tical torque on a nanowire {L = 250 nm, r = 20 nm) 
is enhanced nearly three times compared with the un¬ 
dressed hole. Also the normal optical force is consider¬ 
ably enhanced, as can be seen in Fig. It- Both torque 
(Fig. [^) and force (Fig. §1) increase as the gap h be¬ 
tween the nanowire and the surface decreases. Therefore, 
filling nanoapertures with high-index dielectric material 
can improve the capabilities of the structure and make it 
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FIG. 4. (color online) (a) Electric field intensity distribu¬ 
tion and (b) instantaneous electric field magnitude distribu¬ 
tion (shades) and Poynting vector (arrows) in the a:y-plane 
20 nm above the nanoaperture for left circularly-polarized 
incident light, (c) Optical torque, and normal optical 
force,for left circularly-polarized incident light as a func¬ 
tion of nanowire length L. (d) Lateral optical force, i4c, act¬ 
ing on the nanowire for left circularly-polarized incident light 
for nanowires with lengths L = 250 and 350 nm. In (c) and 
(d), h = 20 nm and r = 30 nm. The incident intensity is 
Iq = 10mW/im“^. 

more appropriate to efficiently trap and manipulate even 
smaller particles. 

Finally, we also consider the case of circularly-polarized 
illumination. In this case, differently from the case of a 
linearly-polarized incident wave, the average field inten¬ 
sity is ring-shaped near the edge of the nanoaperture, 
as shown in Fig. [^. In fact, the two hotspots gener¬ 
ated by the instantaneous electric fields (Fig. [^) rotate 
around the edge of the nanoaperture at the frequency 
of the incident field, leading to a transverse clockwise or 
counterclockwise energy flow depending on whether the 
incident wave is left or right circularly-polarized. As can 
be seen in Figs.|^ and[^, a plasmonic optical vortex is 
generated and, thus, the nanoaperture can be thought as 
a device capable of converting the spin angular momen¬ 
tum (SAM) of the circularly-polarized incident beam to 
orbital angular momentum (0AM) of the evanescent field 
m- Fig-n shows the optical torque (solid line) and nor¬ 
mal force (dashed line) acting on a nanowire placed on 
the exit side of the aperture for left-circularly-polarized 
illumination. Importantly, although the optical torque 
and normal force magnitudes are a slightly smaller than 
the highest corresponding torque and force in the case of 


linear polarization case (cfr. Fig. [^-b), they are inde¬ 
pendent of the nanowire orientation. Fig. shows the 
lateral optical force on the nanowire for L = 250 and 
350 nm as a function of their lateral position along the x- 
direction. The nanowires experience the largest restoring 
force when moving towards the edges of the nanoaper¬ 
ture, while the central position corresponds to a stable 
equilibrium. 

In conclusion, we have demonstrated that it is possible 
to use a nanoaperture to trap a nanowire and to control 
its orientation with very low incident power. Further¬ 
more, we have shown that employing circularly-polarized 
light it is possible to rotate the nanowire at a constant ro¬ 
tation rate. The simplicity of the nanoaperture geometry 
will permit easy fabrication of this nanodevice. 
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